Experimental data are presented of time-resolved optical wavefront measurements through a two-dimensional, weakly compressible, subsonic shear layer. The measurements were obtained in the University of Notre Dame's compressible shear layer wind tunnel (CSWLT), which is capable of generating high-speed shear-layer flows up to Mach 1.0 that can also be regularized using mechanical forcing applied at the trailing edge of the splitter plate between the high and low-speed flows. Experimental data are also presented demonstrating the use of a Phase-Lock-Loop (PLL) controller to detect and lock on to the phase of the shear-layer optical aberration; this kind of PLL control would be used to synchronize a deformable mirror with the shear-layer aberration, as part of a feedforward adaptive-optic correction for the optical effect of the shear layer. 
I. Introduction
The deployment of airborne optical systems presents numerous challenges associated with integrating the optical system into the aircraft in a manner that does not degrade the performance of either the aircraft or the system itself. In many test programs and conceptual studies, the optical system is mounted in a spherical turret since this configuration provides ample flexibility in terms of controlling the aiming direction of the system. As shown in [1] [2] [3] [4] [5] however, local compressible flows surrounding spherical turrets can impose severe optical aberrations that can seriously degrade the performance of the optical system. For example, shock waves begin to form on a spherical turret at Mach numbers significantly lower than the cruise speeds of jet-propelled aircraft [5] ; the large density variations associated with the shocks produce index-of-refraction variations according to the Gladstone-Dale relationship, Eq. (1):
Even in fully-subsonic flow over a spherically-shaped turret, the field of regard can still be substantially reduced by separated flows, see Fig. 1 . At compressible-flow speeds, the shear layer associated with the separated flow region downstream of the turret becomes optically active in the sense that vortical structures within and without the shear layer produce gradients in the density and hence index of refraction [6] . When a beam of light traverses the shear layer, this variable index-of-refraction field imprints a time-varying aberration on the wavefront of the beam. The added aberration decreases the ability to focus the beam on targets in the far-field, resulting in a reduction of the system's overall performance. It has been shown that the aberrations imposed by separated flows and their associated shear layer can reduce the far-field intensity of a beam of light that passes through the flow to a small fraction of its optimum, diffraction-limited performance [7] . One method of correcting the aberrating effect of a compressible shear layer is to use an adaptive-optic (AO) system that places the conjugate of the shear-layer aberration onto the beam prior to its transmission through the flow [8] .
Due to the fact that current AO technology may lack the bandwidth to handle the high-frequency content of shearlayer flows, feedforward AO correction approaches have been investigated in which the shear layer is first forced using a flow-control technique [9] . With the shear layer forced, the aberrating vortical structures pass through the regularized region of the shear layer with a frequency and phase that is determined by the forcing signal. The regularized shear-layer aberrations could then be measured in an offline "calibration" test and used to construct compensating waveforms for the deformable mirror (DM) used in the AO system. The final feedforward correction is then implemented by synchronizing the shear-layer aberrations with the DM waveform; as described in [10] , this synchronization could be performed using a phase-locked-loop (PLL) controller that would employ a simple optical measurement such as a Malley probe or some kind of optical beacon. Our previous work on the feedforward AO correction of compressible shear layers is described in [9] . For these tests, measurements of the shear-layer optical effect were made using a "slow" wavefront sensor with a nominal maximum frame rate of 10 Hz, so that the only way of examining the temporal variation of the shear-layer effect was by phase-locking the wavefront measurements with the forcing actuator. In this paper, we present time-resolved measurements of the optical effect of a compressible shear layer acquired using a fast wavefront sensor built around a high-speed camera with frame rate up to ~100 kHz. Furthermore, we present experimental data demonstrating how a PLL controller could be used to lock up the DM with the shear-layer aberrations in a feedforward AO correction.
II. Approach
Experimental data were acquired in the University of Notre Dame's Compressible Shear-Layer Wind Tunnel (CSWLT). The CSLWT mixes co-directional high and low-speed flows at high subsonic flow speeds (up to Mach 1.0) to create an aero-optically active shear layer representative of the kinds of aero-optic flows likely to be encountered in flight. The CSLWT has a design Mach number ratio for the high and low speed flows, r, of 0.15. More detailed design information for the CSLWT can be found in [9, 11] .
In the present experiments, a high speed Mach number, M U = 0.75, and a low speed Mach number, M L = 0.11, were used, resulting in a convective Mach number of approximately, M C = 0.43. Optical wavefront measurements were made for both an unforced and a forced shear layer. The forcing mechanism used to regularize the shear layer were voice-coil actuators located at the trailing edge of the splitter plate that separates the high-and low-speed flows at the entrance to the test section. The shear layer was forced using a two frequency signal consisting of a fundamental forcing frequency with a ten percent subharmonic component [9] . The fundamental forcing frequency, f f , and subharmonic that were used in the tests were selected based on previous tests [12] , to produce regularization of the shear layer over the optimum region of the test section for optical measurements. The two-frequency forcing signal has been demonstrated to control the vortex pairing location of the shear layer structures and fix the periodicity to the subharmonic [9] , effectively producing a twocycle repeat that can be used in a feedforward AO approach.
A schematic of the experimental setup is shown in Fig. 2 while a photograph of the setup is shown in Fig. 3 . The wavefronts were recorded using a high-speed Shack-Hartmann sensor capable of acquiring both high spatial and temporal resolutions. The sensor was composed of a high-speed Photron FASTCAM SA1.1 CMOS camera capable of frame rates up to 100 kHz and an AMO Wavefront Sciences lenslet array composed of 71 x 60 subapertures. The lenslet array has dimensions 21.3 mm x 18 mm and has a focal length of 38.2 mm. The Photron camera was set to acquire wavefronts at a frame rate of 9000 frames per second for a period of 2.03 seconds with a resolution of 640 x 976 pixels. As shown in spectra presented later, this 9000 Hz sampling frequency was fast enough to capture the important frequency content of the shearlayer aberrations.
To validate the PLL controller a high bandwidth, small-aperture Malley probe, shown in Fig. 4 , was used to measure the optical jitter signal of the shear layer. Optical jitter corresponds to the angle at which a small aperture beam emerges from an aberrating flow field, that is: where OPD is the optical path difference due to the aberration. The jitter signal from the Malley probe is used as the input for the PLL to produce an output signal that is phase-locked with the frequency of the passing vortices of the regularized shear layer. This output signal would be used to drive the DM in a feedforward AO correction.
III. Results

A. Time-Resolved Wavefront Data
All wavefront data were obtained using a 532 nm wavelength, continuous-wave laser expanded to a diameter of ~254 mm. The beam was transmitted through the shear layer of the CSLWT at an angle of 90° to the flow direction. As shown in Figs. 2 and 3, the beam was double-passed through the shear layer after reflecting from the return mirror; this double-passing of the beam helped to amplify the wavefront measurements thereby improving the signal-to-noise ratio. After passing through the CSLWT test section, the beam was clipped in the cross-stream direction by the 115 mm width of the rectangular optical windows of the CSLWT. Furthermore, in the streamwise direction, the beam was also slightly limited by the size of the lenslet array used to focus the beam onto the highspeed CMOS camera of the wavefront sensor; in summary, the final beam was rectangular in shape and captured approximately 193 mm of the shear layer in the streamwise direction and 115 mm in the cross-stream direction. To eliminate contamination of the wavefront measurements by spurious aberrations, the beam projected into the wavefront sensor was imaged from the return mirror using a set of 1500 mm focal-length relay lenses.
Examples of the measured time-resolved wavefront data are shown in Fig. 5 for both an unforced and forced shear layer at two sequential time steps. Optical measurements were recorded at two separate beam center locations, 400 mm and 550 mm downstream from the splitter plate, resulting in an interrogation region spanning from approximately 305 mm to 645 mm downstream of the splitter plate. Table 1 shows the calculated OPD rms statistics at the two interrogation locations for each of the given fundamental frequencies used to regularize the shear layer as well as a comparison to the unforced shear layer. The table lists the mean, the minimum and the maximum spatial OPD rms computed for the set of wavefront images acquired at each test condition. The values give approximations of the magnitude, and therefore the severity, of the aberration produced by the shear layer. The increase in OPD rms with streamwise distance x corresponds to the growth in the thickness of the shear layer and hence size of the aberrating vortical structures. American Institute of Aeronautics and Astronautics 5 Figure 6 shows the spectral decomposition of the wavefront data acquired for a beam center location of x = 400 mm, and with the shear layer unforced and forced at a frequency of 750 Hz. The spectrum was computed by first averaging the two-dimensional wavefront data in the cross-stream direction, computing the optical jitter using Eq. (2), and computing the power spectrum. The spectral peaks in Fig. 6 correspond to the fundamental forcing frequency (750 Hz) and the first harmonic (1.5 kHz). Furthermore, note that the broadband spectrum for the forced case is slightly lower than the unforced case. These spectral qualities show the effectiveness of the forcing in converting the broadband spectrum of the shear layer into regularized structures that move through the regularized region of the shear layer at the forcing frequency.
To gain further insight into the spatial character of the shear layer optical aberrations, a proper orthogonal decomposition (POD) was performed on the time-resolved measurements. The POD was computed using the method of snapshots [13, 14] . The contribution of the first eight modes to the overall aberration is shown in Fig. 7 , while plots of the first eight spatial mode shapes are shown in Fig. 8 . As shown in Fig. 7 , the first two modes contain over ninety percent of the energy associated with the aberrations. This shows that the majority of the optical aberration can be removed by an AO correction that only removes the first two POD modes from the aberrated beam. Figure 8 shows that these first two modes are nearly spanwise invariant, and resemble sine waves in the streamwise direction. As such, the majority of the shear-layer aberration can be compensated for by applying a simple, nearly-sinusoidal shape to the DM. It should be noted that the first two mode shapes in Fig. 8 are essentially the same except for a 90° shift in phase. This shows that these two modes are a mode pair that is associated with the spanwise coherent vortical structures of the shear layer and is related to the forcing frequency of the regularized shear layer. American Institute of Aeronautics and Astronautics
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A numerical AO correction to the regularized shear-layer aberration was computed using the spatial modes shown above. The instantaneous temporal coefficients associated with the modes were calculated at each time step. These coefficients were then used to reconstruct the contribution of each spatial mode to the flow field. The modal contributions were superimposed onto one another and the resulting time series was used as a conjugate waveform for the AO correction. Figure 9 shows the resulting OPD rms associated with the modal contribution to the simulated correction. The contribution of the first mode pair alone results in a 68% decrease in the time averaged OPD rms of the aberrated wavefront resulting in a lower OPD rms than the natural unforced shear layer at the same location. The contribution of the remaining spatial modes continues to increase the effectiveness of the simulated correction. To better illustrate the overall effectiveness of the simulated correction, the Strehl ratio of the corrected wavefronts was computed using the large-aperture approximation for nominal λ = 1 µm wavelength radiation:
The Strehl ratio gives the ratio of the peak irradiance on target to the maximum irradiance that can be achieved in the diffraction-limited case: (4) A plot of the contribution of the simulated AO correction to the Strehl ratio is shown in Fig. 10 , while the time averaged far-field intensity profile is shown in Fig. 11 . The simulated correction shows that a mode-based AO correction can dramatically improve the performance of an optical system propagating through a regularized shear layer. Removing the first two modes alone results in a 52% Strehl ratio improvement. The comparison between the forced/uncorrected beam and the forced/corrected beam in Fig. 11 demonstrates the ability of a low-order modal AO correction to improve the on-axis intensity of a laser beam and therefore improve the overall performance of an optical system. 
B. PLL Controller
One of the main concerns and limitations associated with a feedforward AO correction, such as shown in Figs. 9 to 11, is the synchronization of the phase of the regularized aberration with the phase of the conjugate waveform applied to the DM. This problem can be solved using a PLL controller that automatically performs this synchronization [10] .
A PLL controller is a commonly used feedback-control system that is designed to adjust its own output frequency to synchronize with a reference signal. Typical PLLs consist of a phase detector (PD), a loop filter (LF), and a voltage-controlled oscillator (VCO). PLLs respond to both phase and frequency variations between the reference signal and the VCO signal until the two become synchronized and phase-locked. To accomplish this, the PD detects variations between the reference signal and the VCO output and sends an error voltage signal to adjust the frequency of the VCO output accordingly. The process is repeated until the error voltage measured by the PD is driven to zero, at which point the PLL becomes phase-locked. The PLL controller used in our tests is an analog circuit designed to lock on to the phase of regularized shear-layer aberrations based on a low-order optical measurement such as a Malley probe (see Fig. 4 ) or an optical beacon. A detailed explanation of the PLL design considerations, components and analysis can be found in [10] .
To date, the PLL approach developed at the University of Notre Dame has been tested using a signal from a function generator to test and verify the phaselocking ability of the PLL controller. This test of the PLL controller using the sinusoidal input from a function generator is plotted in Fig. 12 , and demonstrates the ability of the controller to phase lock with a periodic input. To more fully investigate the performance of the PLL controller, the controller was next tested using the signal from a Malley probe that was passed through the shear layer, see Fig. 4 . In this case, the Malley probe signal was corrupted by noise and by small fluctuations in the regularized shear-layer aberration; as such, the jitter signal from the Malley probe was filtered prior to passing it into the PLL controller. Low-pass filters ranging from 10 kHz to 1 kHz were experimentally tested to determine the optimal filter level for the PLL input signal. Figures 13 and 14 show plots of the filtered input and corresponding PLL output signals for two different low-pass filters for a shear layer regularized with f f = 750 Hz. The data shown in Figs. 13 and 14 were acquired over a period of 10 seconds, and were windowed over one period of the forcing subharmonic and overlaid onto each other to give a representation of the mean Malley probe signal. Figures 13 and 14 verify the PLL's ability to phase lock with an optical jitter input signal. The figures also demonstrate the need for a filtered input signal. From visual inspection it appears that the 1 kHz low-pass filtered signal produces a better phase-locking result than using a filter with a higher cutoff frequency. This can be verified by calculating the phase difference between the PLL output signal and the jitter input signal. Note that the PLL is designed to produce an output with a 90° phase shift from its jitter input signal, in order to account for the fact that the jitter signal is the derivative of the wavefront OPD (see Eq. (2)).
kHz Low-Pass Filter 1 kHz Low-Pass Filter
Phase Difference (Degrees) -44.24 -100.79 Table 1 . Phase difference between filtered PLL input and output for varying low-pass filters. Table 2 shows the phase difference between the jitter input signal and the PLL output for both the 10 kHz and 1 kHz low-pass filters. The phase differences show that increasing the filtering of the input signal improves the overall performance of the PLL, which suggests that increasing the filtering further and possibly implementing a notch filter could improve the performance of the controller even more. This simple experiment demonstrates the ability of the PLL to correctly phase lock with a low-order optical measurement (i.e. a Malley probe) of the shearlayer aberration and shows that the controller could be successfully implemented in a feedforward AO correction of the shear-layer.
IV. Conclusion
The time-resolved wavefront data presented in this paper validate the mechanical forcing technique used to regularize the shear layer and provide valuable insight to the composition of the optical disturbances in a shear-layer flow. These results verify previous experimental data obtained at the University of Notre Dame and reported in [9] . Another valuable outcome of this investigation is the validation of the use of PLL controllers to phase lock to a loworder measurement of the shear-layer aberration. The investigation has shown that, after low-pass filtering the raw signal, the PLL can successfully lock on to the optical measurement. This is a useful result since a PLL controller would play an important role in the synchronization of a feedforward AO correction of the shear layer. 
